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Background

Bladder cancer (BC) is a common tumor worldwide. Screening for BC currently lacks a highly efficient, non-invasive, and inexpensive method. Serum microRNA (miRNA), which is stable and commonly present, has the potential to serve as a novel marker for BC diagnosis.





Materials & methods

Based on a study involving 112 BC patients and 112 healthy subjects, we conducted this research in three phases to identify applicable microRNAs (miRNAs) in serum for BC diagnosis using quantitative reverse transcription polymerase chain reaction (qRT-PCR). A panel with optimal diagnostic value was developed. Additionally, we used bioinformatic analysis to explore the potential biological functions of the crucial miRNAs.





Results

The diagnostic panel consisted of miR-212-3p, miR-30c-5p, and miR-206, with an area under the curve (AUC) of 0.838, sensitivity of 83.33%, and specificity of 73.81%. Furthermore, ATF3, GJA1, JPH2, MVB12B, RUNX1T1, SLC8A1, SPATA6, and TPM3 may be potential target genes of these three miRNAs.





Conclusion

We developed a three-miRNA panel that could serve as a highly efficient and inexpensive biomarker for BC diagnosis and screening.
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1 Introduction

Bladder cancer (BC) is one of the top 10 cancer types in terms of estimated cases and deaths for both men and women worldwide, responsible for an estimated 573,278 new cases and 212,536 deaths in 2020 (1). In developed regions and areas with a high prevalence of tobacco smoking, the incidence of BC is increased (2). Non-muscle invasive bladder cancer (NMIBC) accounts for more than 70% of BC cases, with a recurrence rate of about 50%-70%, and may progress to muscle-invasive bladder cancer (MIBC) in about 10%-20% of cases (3). The preferred treatment for BC is the removal of the tumor, typically done by inserting a transurethral device into the bladder (transurethral resection of the bladder tumor). Based on the depth of tumor invasion into the bladder wall and the tumor’s aggressiveness, chemotherapy, radiotherapy, or immunotherapy can be selected singly or in combination (4). Most BC cases are NMIBC, where tumors have breached the epithelial basement membrane of the bladder, and these patients have a 5-year survival rate of up to 90% (5). NMIBCs are prone to recurrence (50%-70%) but progress slowly. However, MIBC patients have a worse overall survival rate, with less than 50% surviving at five years. Distant metastases are more likely when BC cells breach the muscle layer, underscoring the importance of early diagnosis in improving survival rates (6). Therefore, early screening and diagnosis of BC before metastasis is critical to enhancing patient survival. One significant problem related to the diagnosis of BC is that standard diagnostic approaches, such as ultrasound, cystoscopy, and urinary cytology, are unsatisfactory due to poor precision or high invasiveness (7). For instance, urinary cytology, which is minimally invasive, has a specificity of 90%-100% but a sensitivity of 40%-60%, whereas cystoscopy, despite being more accurate, carries a 10% risk of complications like urinary tract infection even when using a flexible cystoscope (8). Thus, developing new diagnostic tools with higher specificity and sensitivity for early screening and detection of BC is of great significance.

MicroRNAs (miRNAs), which inhibit or degrade mRNA translation, are a type of endogenous noncoding small RNA that bind to the 3’ untranslated regions of related mRNAs to regulate gene expression. Previous studies have discovered that miRNAs participate in the occurrence and development of various malignant tumors and could serve as diagnostic biomarkers. In recent years, many studies have shown that highly stable circulating miRNAs primarily exist in lipid or lipoprotein complexes, such as exosomes, microvesicles, or apoptotic bodies (9, 10). Additionally, acquiring serum is relatively easy, and detecting RNA can be readily accomplished using quantitative reverse transcription-polymerase chain reaction (qRT-PCR). Therefore, some specific serum miRNAs show promise as potential noninvasive diagnostic biomarkers for BC.

In our study, based on qRT-PCR, we evaluated potential serum biomarkers by examining microRNA expression profiles in BC patients. The purpose of our research was to identify crucial miRNAs and develop a microRNA panel with excellent diagnostic value in three phases. Firstly, in the training phase, 10 serum miRNAs were screened using BC pools and healthy control (HC) pools. Secondly, abnormally expressed miRNAs identified in the training phase were further validated in the validation phase. Finally, the miRNAs with validated expression differences were analyzed using backward stepwise logistic regression to develop an efficient panel for BC diagnosis. Additionally, we used bioinformatic analysis to investigate the potential biological functions of the crucial miRNAs.




2 Material and methods



2.1 Ethical statement and specimen selection

The Ethics Committee of Peking University Shenzhen Hospital reviewed and approved this study. The collection process of serum samples from subjects was conducted in accordance with the relevant regulations established by the committee. From November 2017 to June 2021, 224 subjects were recruited from Peking University Shenzhen Hospital, comprising 112 BC patients and 112 HCs. All BC patients selected for this study were histopathologically confirmed and had not received any treatment before specimen collection. The tumors of these BC patients were primary tumors, not metastatic tumors. Samples from the HCs were obtained from healthy volunteers, none of whom had a history of cancer or other acute or chronic diseases. None of the participants in this research had received any therapy before the collection of serum specimens. Each participant was informed about the study, expressed full understanding, and signed the informed consent form.




2.2 Research design

As shown in Figure 1, we designed a three-phase study. Initially, we selected candidate miRNAs with differential expression from GSE40355, published on Gene Expression Omnibus, as potential biomarkers. Then, we identified 10 miRNAs related to BC or other tumors that were differentially expressed in BC and normal control groups by searching the literature in PubMed. Next, we conducted training and validation phases to identify these candidate markers. In the training phase, we determined the expression of 10 candidate miRNAs in serum specimens from BC patients and HCs and selected differentially expressed miRNAs to proceed to the next stage. In the validation phase, we expanded the sample size and continued to perform qRT-PCR to confirm the expression of the miRNAs identified in the training phase. The samples consisted of 28 BC patients and 28 HCs in the training phase, and 84 BC patients and 84 HCs in the validation phase. Finally, we developed a miRNA-based panel with optimal diagnostic capability for BC using reverse stepwise logistic regression analysis.




Figure 1 | Overview of study design. BC, bladder cancer; HCs, healthy controls.






2.3 RNA extraction

To normalize the variability in the assay process, 2 µL of miR-54 (cel-miR-54-5p, 10 nm/L, RiboBio) was added to each serum specimen at the beginning. Total serum RNA was then extracted using a TRIzol LS isolation kit (Thermo Fisher Scientific), followed by RNA concentration and purity determination using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific).




2.4 RT-qPCR

Firstly, we used reverse transcription-specific primers from the Bulge-Loop miRNA RT-qPCR primer set (RiboBio) to amplify miRNAs and detect their expression profiles. Next, RT-qPCR was performed using the TaqMan probe on the LightCycler 480 Real-Time PCR system (Roche Diagnostics). The qPCR reactions were carried out at 95°C for 20 seconds, followed by 40 cycles of 95°C for 10 seconds, 60°C for 20 seconds, and 70°C for 10 seconds. Finally, to analyze the relative expression of the target miRNAs, we used the 2−ΔΔCq method to calculate and plot the results (11).




2.5 Statistical analysis

For data analysis, we used SPSS software (SPSS 20.0 Inc), GraphPad Prism 8 (GraphPad Software Inc), and MedCalc (Version 19). Different optimal methods were utilized for data analysis according to different numerical traits. The Student’s t-test was employed to analyze continuous variables, and the χ2 test was used to analyze categorical variables. Additionally, multiple comparisons of data between different independent phases were implemented using the Kruskal-Wallis test or Mann-Whitney test. Statistical significance was defined as a p-value of less than 0.05. The diagnostic capability of the miRNAs was evaluated using the receiver operating characteristic (ROC) curve and the area under the ROC curve (AUC). The highest specificity and sensitivity were determined by the Youden index. Age at diagnosis was expressed as means ± standard deviations, and gender was expressed as numbers (percentages).




2.6 Bioinformatics analysis

To investigate the function of critical miRNAs in the development of BC, we utilized miRWalk2.0 (http://zmf.umm.uniheidelberg.de/mirwalk2) to predict a series of candidate miRNA targets. Additionally, miRWalk was used to predict and verify the interactions between miRNAs and their targets (12). In addition, we also use the Enrichr database (http://amp.pharm.mssm.edu/Enrichr/) to conduct enrichment analysis of target genes and functional annotation (13). Gene Ontology (GO) annotation and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were also employed for target gene analysis in this study.





3 Results



3.1 Characteristics of participants

Overall, a total of 112 BC patients and 112 healthy subjects were included in this study. All BC patients were diagnosed using the TNM staging system and histologic classification based on the World Health Organization criteria. They were confirmed to have primary BC without metastatic tumors. None of the HCs had a history of cancer or other acute or chronic diseases. In both the training and validation stages, there were no statistically significant differences in age and gender between BC patients and HCs (Table 1). The parameters were expressed as numbers and percentages. Statistical comparisons were performed using the Wilcoxon-Mann Whitney test.


Table 1 | Demographic manifestation of 224 participants (BC patients and HCs).






3.2 Candidate miRNAs screening

Based on the criteria of the adjusted p-value < 0.05 and |logFC| > 1, we identified abnormally expressed miRNAs using GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r). Using the GSE40355 database, a total of 176 abnormally expressed miRNAs were screened out from 16 BC samples and 8 control samples, of which 92 were up-regulated and 84 were down-regulated. Furthermore, based on a literature search in PubMed, we selected 10 miRNAs relevant to BC or other cancers as candidate miRNAs for further investigation.




3.3 Differentially expressed miRNAs during the training phase

Ten candidate miRNAs were selected and validated through RT-qPCR analysis in the training phase using samples from 28 BC patients and 28 HCs. The results are shown in Figure 2. Among these 10 miRNAs, 5 (miR-30c-5p, miR-142-3p, miR-200c-5p, miR-206, miR-212-3p) exhibited significant dysregulation between BC patients and HCs. Consequently, these 5 miRNAs were chosen for further investigation in the subsequent study.




Figure 2 | Relative serum expression of ten candidate miRNAs in training phase. Expression profiles of ten candidate miRNAs in serum samples from 28 BC patients and 28 HCs. Screening criteria: p-value < 0.05, *p < 0.05, ***p < 0.001. BC, bladder cancer; HCs, healthy controls.






3.4 Diagnostic capabilities of 5 miRNAs in the validation phase

These five miRNAs were further investigated using samples from 84 BC patients and 84 healthy subjects to assess their potential as serum markers for early BC screening. As shown in Figure 3, downregulation of miR-142-3p, miR-200c-5p, miR-206, and miR-212-3p was observed in the serum of BC patients, while upregulation of miR-30c-5p was observed in the serum of BC patients. To analyze the diagnostic capabilities of these five miRNAs, we plotted ROC curves.




Figure 3 | Serum expression and ROC curve analysis of five miRNAs in validation stage. Downregulated expression levels of (A) miR-142-3p, (E) miR-200-5p, (G) miR-206, and (I) miR-212-3p in the serum of BC patients compared to HCs, and (C) upregulated expression level of miR-30c-5p in the serum of BC patients. ROC curve analyses of (B) miR-142-3p, (D) miR-30c-5p, (F) miR-200-5p, (H) miR-206, and (J) miR-212-3p. **p < 0.01, ***p < 0.001.



The AUCs for the five miRNAs were determined as follows: 0.617 (95% CI: 0.539 - 0.691) for miR-142-3p, 0.724 (95% CI: 0.649 - 0.790) for miR-30c-5p, 0.606 (95% CI: 0.528 - 0.680) for miR-200c-5p, 0.741 (95% CI: 0.668 - 0.806) for miR-206, and 0.785 (95% CI: 0.715 - 0.845) for miR-212-3p (Figures 3B, D, F, H, J, respectively). Using the Youden index, we calculated the best cut-off values and listed the optimal specificity and sensitivity of these miRNAs for diagnosing BC in Table 2. The ROC curve analysis indicates that miR-212-3p, miR-30c-5p, and miR-206 exhibit strong diagnostic capabilities for BC, with AUC values of 0.785, 0.724, and 0.741, respectively.


Table 2 | Outcomes of receiver operating characteristic curves and Youden index for 5 candidate miRNAs and the three-miRNA panel.






3.5 Development of the most suitable miRNA panel for BC

In the final phase of our study, we verified that miR-212-3p, miR-30c-5p, and miR-206 possess superior diagnostic value for BC. Recognizing that combining multiple miRNAs can potentially enhance accuracy over single miRNA markers, we developed an optimized diagnostic panel. Integrating the expression profiles of these miRNAs from the last phase, we used a stepwise logistic regression model to establish the optimal panel for BC diagnosis. The formula of the model is as follows: Logit(P) = 2.36 + (1.336 × miR-30c-5p) + (-2.037 × miR-206) + (-1.35 × miR-212-3p). As depicted in Figure 4, ROC curves were generated for the three-miRNA diagnostic panels, revealing improved diagnostic efficacy with an AUC of 0.838 (95% CI: 0.774-0.890). This AUC value was higher than that achieved by each individual miRNA alone. Additionally, the diagnostic panel exhibited a sensitivity of 83.33% and specificity of 73.81%, as detailed in Table 2.




Figure 4 | ROC curve analysis of three-miRNA panel (miR-212-3p, miR-30c-5p, and miR-206). The AUC of the panel is 0.838 (95% CI: 0.774–0.890; sensitivity = 83.33%, specificity = 73.81%).






3.6 Bioinformatics analysis of miRNA panel

After constructing the diagnostic panel using miR-212-3p, miR-30c-5p, and miR-206, we performed bioinformatics analysis to explore their potential target genes. Using MiRWalk2.0, we predicted potential target genes targeted by these miRNAs. Genes predicted by two or more miRNAs were selected, resulting in a total of 462 predicted genes. A Venn diagram illustrating the overlap of these genes is shown in Figure 5A. Eight genes, ATF3, GJA1, JPH2, MVB12B, RUNX1T1, SLC8A1, SPATA6, and TPM3, were identified as potential target genes for miR-212-3p, miR-30c-5p, and miR-206. Each of these genes exhibited a |log2FC| > 1.5 and p-value < 0.01 (Figures 5B–I). Subsequently, we conducted KEGG pathway enrichment analysis and GO annotation to further investigate these target genes. The top 10 enriched biological processes (BP), cellular components (CC), molecular functions (MF), and KEGG pathways are illustrated in Figures 6A–D. For instance, the analysis revealed significant enrichment in pathways such as the Ras signaling pathway, Cushing’s syndrome, gap junction, and spinocerebellar ataxia, highlighting their potential roles in BC pathogenesis.




Figure 5 | Prediction of target genes by miRWalk 2.0 for three critical miRNAs. (A) Venn diagram illustrating genes targeted by two or more miRNAs (a total of 462 genes). The expression of 33 putative genes targeted by all three miRNAs in 404 BC patients and 28 healthy controls was verified through GEPIA. Eight genes have abnormal expression in BC (|log2FC| > 1.5, p < 0.01): ATF3 (B), GJA1 (C), JPH2 (D), MVB12B (E), RUNX1T1 (F), SLC8A1 (G), SPATA6 (H), TPM3 (I). *p<0.01.






Figure 6 | GO functional annotation and KEGG pathway enrichment analysis of the target genes of miR-212-3p, miR-30c-5p, and miR-206. (A) Biological process analysis; (B) cellular component analysis; (C) molecular function analysis; (D) KEGG pathway enrichment analysis.







4 Discussion

Studies have revealed that miRNAs play critical roles in cell metabolic pathways, intercellular communication, and modifying the tumor microenvironment. Using serum miRNAs for disease screening offers a non-invasive and convenient alternative to traditional inspection methods, making it potentially valuable in clinical practice (14, 15). Recently, several studies including Singh et al. (16), Qureshi et al. (17) and Dip et al. (18) revealed a potential relationship between miRNAs and bladder cancer, while their studies only showed the role of a specific miRNA in bladder cancer. Other studies including Li et al. (19) and Wen et al. (20) elucidated the potential of combined miRNA panel for diagnosis in bladder cancer or urothelial carcinoma. In our study, we designed a three-phase test—screening, training, and validation stages—to identify serum miRNAs that could serve as potential biomarkers for BC screening. We identified 5 miRNAs (miR-30c-5p, miR-142-3p, miR-200c-5p, miR-206, and miR-212-3p) with aberrant expression in serum between BC patients and HCs. Subsequently, we developed a three-miRNA-based signature comprising miR-212-3p, miR-30c-5p, and miR-206, which exhibited higher specificity and accuracy for BC screening compared to single miRNAs alone (AUC = 0.838; 95% confidence interval: 0.774 - 0.890). Additionally, we conducted bioinformatics analysis to explore the potential functions of these selected miRNAs.

In our diagnostic panel, miR-30c-5p was identified as overexpressed in the serum of BC patients, with an AUC of 0.724 (95% CI: 0.649-0.790). Recent studies have linked dysregulation of miR-30c-5p to advanced stage and overall survival outcomes in BC patients (21). This miRNA has been shown to be closely associated with the biological characteristics of tumor cells. For example, in glioma cells, miR-30c-5p could induce apoptosis and inhibit growth and invasion by targeting Bcl2, suggesting its potential as a therapeutic target to improve overall patient survival in glioma (22). Given these findings and our study, miR-30c-5p likely plays a significant role in the development and potential therapeutic targeting of BC as well.

Several studies have consistently demonstrated that miR-212-3p is downregulated in various types of tumors. It has been observed that miR-212-3p exerts anti-tumor effects by targeting NFIA, thereby inhibiting cell proliferation directly through NFIA regulation. It suggests that targeting NFIA with miR-212-3p could potentially serve as a therapeutic strategy for BC (23). Moreover, studies have indicated that overexpression of miR-212-3p can also suppress MAP3K3 protein expression, further inhibiting cell invasion, proliferation, and migration in certain cancers, such as high-grade serous ovarian cancer (HGSOC) (24). Combining these insights into its pathways and targets, the importance of miR-212-3p in BC screening was further validated, demonstrating an AUC of 0.785 (95% CI: 0.715-0.845).

Research has revealed that miR-206 plays a crucial role in regulating BC cell proliferation, invasion, and migration by targeting RMRP. The long non-coding RNA (lncRNA) RMRP was expressed at higher levels in BC cells compared to adjacent tissues and strongly associated with tumor size, lymphatic metastasis, and overall survival in BC patients (25). Furthermore, another study has demonstrated that miR-206 targets YRDC to suppress tumor development in BC (26). This dual role of miR-206 in regulating multiple pathways related to BC pathogenesis suggests its suitability as a serum marker for BC diagnosis, with an AUC of 0.741 (95% CI: 0.668–0.806).

After predicting target genes, a total of 8 genes met the criteria of |log2FC| > 1.5 and p < 0.01, including ATF3, GJA1, JPH2, MVB12B, RUNX1T1, SLC8A1, SPATA6, and TPM3 (Figure 5). Therefore, they might be potential target genes of the three miRNA-based panel. Studies have shown that ATF3 inhibits the metastasis of BC cells, and ATF3 up-regulates actin remodeling mediated by GSN. Thus, ATF3 and GSN could serve as prognostic markers for BC metastasis (27). Additionally, numerous studies have indicated that GJA1 could be a promising prognostic marker for poor survival and a therapeutic target in cervical cancer, suggesting a key regulatory role across various cancers (28). The positive feedback loop involving RUNX1T1 contributes to BC progression and may present a potential treatment strategy (29). CircSLC8A1 is implicated in the CircSLC8A1/miR-130b and miR-494/PTEN axes as a tumor suppressor, potentially offering therapeutic targets for BC treatment (30). Moreover, TPM3 is positively associated with Th2 cells and other immune cell infiltration in BC, influencing the development of BC through immune modulation (31). However, there has been limited research on the relationship between JPH2, MVB12B, SPATA6, and BC. In conclusion, these 8 genes play significant roles in the tumorigenesis and progression of BC and various other cancers. Further exploration into their specific roles in bladder carcinogenesis and progression is warranted.

Overall, our results were demonstrated to be credible and significant; however, several limitations should be addressed. Firstly, the sample size of both patient and control groups in this study was relatively small. Secondly, while there have been numerous BC-related miRNAs in serum, we only investigated 10 miRNAs in this study. Additionally, a more comprehensive bioinformatics analysis of the miRNAs in this experiment would enhance understanding about their clinical utility.

In summary, we developed a three miRNA-based panel (miR-212-3p, miR-30c-5p, and miR-206) with potential as novel and noninvasive serum markers for BC diagnosis and screening.
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